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During the last period activities have been carried out along the following directions.

1) DEFECT REDUCTION IN GaAs GROWN BY MOLECULAR BEAM EPITAXY
USING DIFFERENT SUPERLATTICE STRUCTURES

Several superlattice structures, grown by molecular beam epitaxy, have been used to

reduce the density of threading dislocations originating from the GaAs substrates.

Results clearly indicate that compared to epitaxial layers grown directly on GaAs sub-

strates, a GaAs-In.GalxAs superlattice (x < 0.12) reduces the dislocations by approxi-

mately two orders of magnitude. Transmission electron microscopy, electron beam

induced current, and etch pit density have been used to characterize the effectiveness of

using superlattice buffer layers for the reduction of defects in GaAs epilayers. (APL 942,

49, 1986)

2) DEFECT REDUCTION IN GaAs EPILAYERS ON Si SUBSTRATES USING
STRAINED LAYER SUPERLATTICES

Initial results indicate that GaAsP-InGaAs strained layer superlattice buffer layers

are effective in reducing dislocation in GaAs grown on silicon substrates. Transmission

electron microscope (TEM) studies (see attached results) show that a very large percen-

tage of dislocations originating at GaAs/Si interfaces are stopped at these superlattice

buffer layers. (Material Research Society, Symposium on Heteroepitaxy on Silicon Tech-

nology, accepted)
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3) EFFECT OF STRAINED LAYER SUPERLATTICES (SLS) ON TiE OTT DIFFU-

SION OF Ge

GaAs with and without SLS have been grown on Ge substrate. The effect of out

diffusion of Ge into the GaAs epilayer is being studied at different annealing temperature

and time.

4) STABILITY OF STRAINED LAYER SUPERLATTICE UNDER HIGH LEVELS
OF CURRENT INJECTION

The stability of SLS in electronic devices, either as part of the active layers or buffer

layers is being addressed. Successful long-term room temperature operation of

InGaAs/GaAsP strained layer superlattice light emitting diodes under high constant

current injection is reported. These LED's have been tested over 1000h with 3000A/cm 2

with no observed degradation in the optical output. This SLS has an average lattice con-

stant equal to that of GaAs, thus no defects are generated between this SLS and the GaAs

substrate or epilayers. This is the first reported lifetime test of any strained layer super-

lattice devices. (Submitted to Electron Device Letters)

5) MOLECULAR STREAM EPITAXY

We are currently conducting pioneering work in new ways to deposit superlattices

and atomic layer epitaxy without any gas switching. This is achieved by rotating the sub-

strate to cut across stream of gases such as TMG, AsF13, P11 3 and TEL. Thickness control

on the atomic levels has been achieved. (Six papers on this subject have been already

published) C."



Defect reduction in GaAs grown by molecular beam epitaxy using different
superlattice structures

S. M. Bedair, T. P. Humphreys, N. A. El-Masry, Y. Lo, N. Hamaguchi, C. D. Lamp,
A. A. Tuttle, D. L. Dreifus, and P. Russell
Department of Electrical and Computer Engineering. North Carolina State University, Raleigh,
North Carolina 27695-7911

(Received 23 June 1986; accepted for publication 12 August 1986)

Several superlattice structures, grown by molecular beam epitaxy, have been used to reduce the
density of threading dislocations originating from the GaAs substrate. Results clearly indicate
that compared to epitaxial layers grown directly on GaAs substrates, a GaAs-In4 Gat - As
superlattice (x < 0.12) reduces the dislocations by approximately two orders of magnitude.
Transmission electron microscopy, electron beam induced current, and etch pit density have
been used to characterize the effectiveness of using superlattice buffer layers for the reduction
of defects in GaAs epilayers.

Compound semiconductor substrates typically have grown layers were Si doped to the mid 10' 6/cm 3 range. The
several types of defects, such as dislocations, which can de- superlattice has five periods, each layer being 100 A thick.
grade the operation of devices and circuits. For example, Since the individual layers are sufficiently thin, the lattice
semi-insulating GaAs substrates have dislocations of the or- mismatch is elastically accommodated by the uniform
der of 10' cm- 2 and greater. Moreover, the dislocation den- strain. This strain can be present as a compressive strain in
sity which typically has a W-shaped distribution is nonuni- the In, Gat - As layers only, thus maintaining the GaAs
form across the sample surface.' The presence of such lattice constant in the growth plane. However, the strain can
defects greatly influences device parameters such as source- also be accommodated by tensile and compressive strains in
drain currents and threshold voltages resulting in a dramatic the GaAs and InGaAs films, respectively. In this case the
degradation of performance.2 We have recently reported the superlattice will have a lattice constant corresponding to
use of GaAsP-InGaAs strained-layer superlattices (SLS's) InGaAs with an InAs mole fraction ofx/2. If the total thick-
to reduce threading dislocations originating from the GaAs ness of the SL structure made of these five periods exceeds
substrate. Furthermore, the GaAs epilayers grown on this the critical thickness6 he, misfit dislocations will be genera-
SLS buffer were found to be almost dislocation-free. This ted at the SLS-GaAs interfaces. The generation of misfit dis-
SLS structure, grown by metalorganic chemical vapor depo- locations has been observed in our present study and will be
sition, was constructed from alternating layers under tension discussed later. Consequently, in order to prevent the gener-
(GaAsP) and compression (InGaAs). The compositions of ation of dislocations at the SLS-GaAs interfaces we must
the two ternary alloys are adjusted such that the SLS is lat- limit the total thickness of the SLS to a value below the criti-
tice matched to GaAs.4  cal thickness, h. However, by incorporating intermediate %

Superlattice structures composed of phosphorus and ar- thick layers of GaAs we can extend the number of sets of
senic compounds are difficult to grow using molecular beam five-period GaAs-InGaAs SLS's. in Fig. 1 we illustrate a
epitaxy (MBE). Consequently, most MBE superlattice structure incorporating a 2000-A GaAs buffer layer between
buffer layers are based on Al. Ga, _ As-GaAs SLS struc-
tures (0 <x < 1 ). Since this SLS structure is nearly lattice
matched, the built-in strain is insufficient to suppress the
propagation of threading dislocations originating from the G a A a
substrate. However, it has been reported in the literature' E p i 1 y e r

that using A., Ga. As-GaAs and AlAs-GaAs SL's, the G-I A
dislocation density can be reduced by factors of 3 and 20, aAs-In aA -_-
respectively. This is in contrast to the three to four orders of S L S
magnitude reduction when GaAsP-InGaAs SLS's are used.' G a A a
In this letter we report the use of GaAs-n,Ga,_,As 2O00A 3000k
(0 < x < 0.2) SLS buffer layers reducing dislocations in the GaAs-InGaA _ "Structure"
GaAs epilayers. L

The GaAs-InGaAs SLS's were grown by MBE at 550 "C G A As
on both (100) .Cr- and Si-doped substrates. For comparison, Substrate
a similar structure made of Al, Ga , As-GaAs superlattice a

was grown at 620"C. A 2-pm GaAs epitaxial layer was
grown on the SL and directly on the substrate for etch pit FIG. 1. Schematic of GaAs-InGaAs SLS with 2000-A GaAs intermediate
density (EPD) determination and comparison. All the layer used to reduce defects in the GaAs epilayer.

942 AppI. Phys. Lett. 49 (15), 13 October 1986 0003-6951/86/410942-03$01.00 1 1986 American Institute of Physics 942



TABLE I. Results of etch pit density (EPD) measurements'

Number of
Five-period repeat "structures" EPD

Run SLS structure with 3000-A period (cm ')

A GaAs-Al,,GaoAs 2 1-5X 104

B GaAs-noo GaoAs 2 _5x 10.
C GaAs-tri ,Ga%,As 2 9x 102-5x10' 
D GaAs-no oGa,4As 5 -5X 10'
Eb  GaAs-l%,GOaoAs 5 less than 102
F1 GaAs-1%.. Ga.$,As 2 -2x 104GaAs

cm-2. EPD for epilayers grown directly on the substrate are in the 104/ SLS-
cm range L IIU
Si-doped substrates.

'The total thickness of the SLS is 1200 A, which exceeds the critical thick-
ness. Substrate "

(a)
two successive GaAs-InGaAs SLS's. This structure, with a "
3000-A period, can be repeated to any desired number. Con-
sequently, this will introduce more strained interfaces there-
by blocking the threading dislocations originating from the , ,.

substrate. In our study we have investigated samples com-
posed of a 3000-A period "structure," repeated two and five GaAs
times with an InAs percentage of 6 and 10%.

Molten KOH was employed to reveal the dislocation --
density on the GaAs substrates and on the epitaxially grown
layers. The etching time for each sample was 2-3 min. Etch InGaAs-
pit densities for the substrates and the epitaxially grown
GaAs cap layer on the Al. 3 ao,.As-GaAs and
In.Ga, _.As-GaAs (x = 0.06 and 0.14) superlattices are
compiled in Table I. The Alo., Ga,, As-GaAs SL reduces the
EPD by one-third to one-fifth of that of the substrate. Simi-m
lar studies on the GaAs-Ins Ga, - As SLS indicate a two to
three orders of magnitude reduction. This trend is clearly (b)
illustrated in Table I for both semi-insulating and n-type FIG. 3. TEM micrograph.of GaAs-lnGaAs superlattice. (a) Total thick-ness of the GaAs-lno ,,Ga, As five-period SLS exceeds the critical thick-

ness resulting in the generation of dislocations shown by arrows. (b)
GaAs-LooGa,, As SLS composed of five periods of the 3000-A .struc-
lures." Threading dislocations, shown by arrows, do not penetrate the SLS
structure.

GaAs substrates. Increasing the number of five-period SLS
and GaAs intermediate layers reduces the EPD, as shown

-- for samples D and E in Table I. Samples D and E correspond
to a 3000-A period structure repeated five times.

Dislocation densities were also characterized using the
electron beam induced current (EBIC) technique. 300-A-
thick gold Schottky diodes with an area of approximately
2X 10-2 cm2 were evaporated on the GaAs epilayers. An
electron beam with an energy in the range 10-20 keV was
injected through these gold Schottky diodes. Dislocations
appear as dark images in the EBIC mode since they act as

1 0 P m al 10 P m (b) nonradiative recombination centers which reduce the elec-
tric current compared to the surrounding area. Figure 2

FIG. 2. (a) Y-modulation EBIC micrograph of recombination sites detect- shows the EBIC image of sample D. Over the entire metal-
ed by surveying a I-mm' device area. No other electrically active defects ized area ( 10-' cm2 ) only four dark spots were observed.
were observed in this device. The Y-modulation mode is used for enhance- The corresponding dislocation density was approximately
ment of the contrast from small defects to facilitate survey scanning when 4X 10 2 /cm'. This result compares favorably with the aver-
coverng large device areas. (b) Conventional (Z modulation) EBIC mi-
crograph of the same area as above. Here dark areas represent lower in- age value obtained from EPD data using a KOH etch (Table
duced current or higher recombination. I).

943 AppI Phys. Let., Vol. 49, No. 15, 13 October 1986 Beclair etat 943 -4.
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Transmission electron microscopy (TEM) was also from GaAs substrates. Employing EPD and EBIC a repro-
used to investigate threading dislocations for several SLS ducible set of defect densities has been recorded. An analysis
samples. The TEM samples were prepared by lapping and of the propagation of these defects has been investigated us-
ion milling two wafers bonded face to face. They are viewed ing TEM. It is therefore expected that devices on these low
in cross section with the electron beam parallel to the (110) defect density epilayers will exhibit less variation in electri-
axis. Figure 3(a) shows a TEM cross section of the cal parameters than those fabricated directly on GaAs sub-
GaAs-ln21 Ga 56As five-period SLS, with a total thickness strates.
of 1200 A, which is larger than h. Misfit dislocations are The authors are grateful to M. Tischler for helpful dis-
generated at the SLS-GaAs interfaces as shown in Fig. 3 (a). cussions and assistance. This work is supported by the Air
The presence of threading dislocations is consistent with the Force Office of Research.
results shown in Table I for sample F, where the EPD is
approximately one order of magnitude higher than those of
samples B and C whose values ofx are in the range of 6- 10%
and whose total thickness is less than 1000 A. The GaAs and
In0 .,Ga.86As layers in Fig. 3(a) do not appear to be
strained. The strain and associated defects appear to be lo- 'Y. Nanishi, S. Ishida, and S. Miyazawa, Jpn. J. Appl. Phys. 22, L54
calized at the SLS and GaAs interfaces. This result is consis- (1983).

'S. Miyazawa and Y. Ishii, IEEE Trans. Electron Devices ED-31, 1057
tent with previous observations obtained from Raman spec- (1984).
troscopy' for 'the accommodation of strain between 'M. A. Tischlcr, T. Katsuyama, N. A. El-Masry, and S. M. Bedair, Appl.
GaAs-InGaAs SLS and the GaAs substrate. Figure 3(b) Phys. Lett. 46, 294 (1985).
shows a GaAs-InoGa.As SLS, with the 3000-A struc- 4S. M. Bedair, T. Katsuyama, P. K. Chiang, N. A. El-Masry, M. A.Tischler, and M. Timmons, J. Cryst. Growth 68, 477 (1984).
ture, repeated five times. Dislocations originated from the 5Masanari Shinohara, Tomonori Ito, and Yoshihira Imamura, J. Appl.
substrate are stopped by the SLS structure. Phys. 58, 3449 (1985).

6J. W. Matthews and A. E. Blakeslee, J. Cryst. Growth 27, 118 (1974).
In conclusion, GaAs-InGaAs SLS's have been success- 'M. Nakayama, K. Kubota, H. Kato, S. Chika, and N. Sano, Appl. Phys.

fully used as buffer layers to reduce dislocations originating Lett, 48, 281 (1986).

944 AppI . Phys. Lett., Vol. 49, No. 15. 13 October 1986 Bedair et at 944
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Defect Reduction in GaAs Epilayers on Si
Substrates Using Strained Layer Superlattices

S.M. Bedair, N. Hamaguchi, D. Moore and N.A. El-Masry
Electrical and Computer Engineering Department

North Carolina State University
Raleigh, North Carolina 27695-7911

and

John C. Fan and R. Gale
Kopin Corporation

Taunton, MA

The GaAs-yPy - InxGal-.As strained-layer superlattices "SLS' with y - 2x has

an average lattice constant equal to that of GaAs. This allows strained-layer heterostruc-

tures to be grown lattice matched on GaAs substrates. These superlattices, used as a

buffer layer, have been found to significantly reduce the etch pit denqity on subsequently

grown GaAs epitaxial layers compared to similar layers grown directly on GaAs sub-

strates.

Initial results indicate that these two teriiaries, SLS, is also effective in reducing

dislocations in GaAs grown on silicon substrates. For example five periods, 300 ,

GaAs0 .SP0 .2 - In 0.1Ga 0 .gAs SLS buffer layers was found to reduce dislocation density by

about two orders of magnitude as being indicated from TEM studies. We will report on

the effect of layer compositions and thicknesses, strain, and the number SLS periods on

the reduction of dislocations in GaAs films grown on silicon substrates.
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Use of GaAsP/InGaAs SLS Buffer to
Reduce Dislocations Originating from

-GaAs Grown on Si Substrate-



LIFETVIE TEST FOR HIGH CURRENT INJECTION

STRAINED LAYER SUPERLATTICE LIGHT EMITTING DIODE

T Katsuyama, Y. J. Yang and S. M. Bedair

Department of Electrical and Computer Engineering

North Carolina State University Raleigh NC 27695-7911

ABSTRACT

Successfvi long term room temperature operation of InGaAs/GaAsP strained layer super-

lattice light emitting diodes under high constant current injection is reported. The devices

have been tested up to 1000h with 830 A/cm 2, 500h with 3000 A/cm2 and 450h with 4000

A/cm 2 with no observed degredation in the optical output. These results indicate that a SLS

whose lattice constant is well matched to that of the substrate is stable under high-level

current injection.
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Recently, strained layer superlattices (SLSs) which consist of alternating thin lavers )t*

two semiconductors having different lattice constants in bulk crystal form have received con-

siderable attention in electronic and optical device applications. The basic electronic and opti-

cal properties of the SLSs can be modified over a wide range by a proper choice of the material

and geometrical parameters'. A number of applications using those SLS structures in lasers " .

LEDs ' , photodetectors' L' and FETs'3 has been reported. Although these SLSs have great

flexibility in device design, their reliability has been questioned. In particular, it has been

observed that under conditions where constant high-level excitation or rapid thermal cycling is

required , the SLS devices are unstable'. It is noted, however, that many of SLS structures are

not lattice matched to the substrate. Consequently, misfit dislocations are always generated

at the interface between the SLS and the substrate when a total thickness of the SLS exceeds a

strain-dependent critical thickness"'. In order to avoid the generation of these misfit disloca-

tions, device structures normally incorporate a buffer layer whose lattice constant is equal to

the average lattice constant of the SLS. However misfit dislocations are still generated

between the buffer layer and the substrate and propagate toward the SLS. This probably

explains why SLS devices such as photopumped lasers are unstable especially under high-level

excitation.

In this letter, we report a series of lifetime tests for InGaAs/GaAsP SLS light emitting

diodes to investigate the reliability of these structures. Since the InGaAs/GaAsP SLS struc-

ture consists of alternating InGaAs and GaAsP layers with equal and opposite lattice

mismatch with respect to the GaAs substrate, the average lattice constant can be matched to

that of GaAs. Therefore, this SLS can be incorporated with GaAs and AIGaAs device struc-
"p
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•ures without rhe formation of misfit ijsh ,caiori at -he heterointerface. Several potential

applications of this SLS including LEDs', defect reduction i s and solar cell 16 have been

reported.

The LED structure was grown by metalorganic chemical vapor deposition (MOCVD) at

atmospheric pressure. Trimethylgalium (TMG), Triethylindium (TEl. AsH and PH were
3 3

used as Ca, In, As and P sources, respectively. H2 Se and dimethylzinc (DMZ) were used as the

n-type and p-type dopant, respectively. A schematic cross-section of the device is shown in

Fig.l. First, a Se-doped 0.3a.m GaAs (n-lxlO'8 c "3 ) was grown on a (100) Si-doped GaAs

substrate. Then an undoped 10 period In0 Ga0As/Gas/ 0AsP0 .2 SLS active region was grown

by injecting TEl and PH alternately during the growth of GaAs. The thickness of each layer

is about IOOA (total active region is about 2000A). The mismatch between GaAs and the two

compounds in bulk crystal form is =0.79%. Finally, a Zn-doped 0.54m GaAs layer

(p_ lxIOIScm 3 ) was grown on the SLS. The growth temperature was 630'C for all these

layers. A SiO, layer (2000-3000 A) was deposited by plasma assisted CVD to make a Sm-

wide stripe structure. The wafer was thinned down to about 704m and polished, then ohmic

contacts were made by depositing Au-Sn-Au (100-200-1000A) followed by annealing at 4000 C

for few minutes for n-type and Au-Cr-Au j100-200-1000A) for p-type. Finally, the wafer was

cleaved and sawed into individual diodes with typical dimensions of 250 x 300 ±m. The ideal-

ity factor for these diodes ranged between 2 and 3 over three orders of magnitude on a current

scale.

Diodes were mounted to a gold plated oopper block with the p-type face down and held

by a spring-clip. The optical output was detected by a Si-photocell. Three current injection

-. - I
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levels, namely, 830, 3000 and 4000 A/cm 2 were used in our lifetime tests. Since the junction

of the diode is formed less than I gLm below the p-type electrode, the current spreading effect

is not significant. It has been noted that the leakage current across the edges of the diode and

through the SiO2 isolating layer is less than a fraction of a percent of the total current flowing

through the junction. Moreover, the optical output for a given input current was found to be

independent of the size of the diode for the same 6 ptm-wide stripe structure. Consequently,

the current density is determined by assuming the effective current injection area of 10 x 250

pLm for a stripe structure whose contact area is 6 x 250 pLm.

Fig.2 shows the optical outputs as a function of operating time with constant current

injection at room temperature. No degradation in the optical outputs has been observed. For

instance, for a 830 A/cm2 current injection, the diode ( no stripe structure, full-surface metali-

zation 125 x 125 pLm) operates more than 1000 hours without degradation. It has also been

observed that there is no degradation up to 500 hours and 450 hours for corresponding current

densities of 3000 A/cm2 and 4000 A/cm2 , respectively. By comparison, at 4000 A/cm2, some

of the devices failed after 6 to 10 hours operation. Although not shown in Fig.2, there are

slight reductions (less than a few percent) in the optical outputs within the first hour. This

reduction is somewhat lar;.r for a diode which has no stripe structure than that of a stripe

structure diode. This is probably because of a larger surface leakage current due to the struc-

ture which has no SiO 2 isolating layer. For stripe structure diode, such an initial reduction in

the optical output is very small. Under a high level injection condition at which the optical

output almost saturates, a slight reduction has been observed. This is mainly because of junc-

tion heating caused by the high current injection. In fact, above 4000 A/cm2 the optical

_ "° *, .% * % ".. -... * . -,. . = ••o . -=-



output decreases gradually as the current density increases because of the heating effect at the

junction.

Fig.3 shows typical emission spectra at 77 K and 290 K both before and after 500h

operation with 3000 A/cm2 current injection. The measurement were done with the current

density of 200 A/cm2 both before and after the aging test. After the aging test, the spectral -

peak position remained unchanged. However, we have observed a slight broadening of the

emission spectra for each temperature measurement as illustrated in Fig.3. This broadening

may be the result of some interdiffusion at the SLS interface. These preliminary observations

suggest that a SLS which is lattice matched to the substrate is stable under high current injec-

tion condition and such a SLS structure has a great potential for practical device applications.
Z.

In conclusion, we have presented the lifetime test of [nGaAs/GaAsP SLS LEDs to inves-

tigate the reliability of the SLS structure. No degradation has been observed up to 1000, .300

and 450 hours with 830, 3000 and 4000 A/cm2 , respectively. This result indicates that the

SLS which has a equal lattice constant to that of the substrate is stable under high current

injection and has a great potential for practical SLS device applications.

We would like to acknowledge Drs. M. A. Tischler and M. Timmons for their assistance

and also acknowledge the support of The National Science Foundation and The Air Force

Office of Scientific Research. 
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Fig.1 Schematic drawing of strained Layer superlaltice light emitting diode structure.

The undoped active region consists of 10 periods [n0 Ga 0.9 As/GaAs08 P0 2 SLS (each

layer - 100A) whose lattice constant is equal to that of GaAs.

Fig.2 Optical outputs as a function of operating time. After the initial reduction (less

than a few percent) no degradation has been observed.

FIg.3 Typical emission spectra of LED at 77K and 290K before (a) and after 500 hours

operation with 3000 A/cm2 current injection (b). The spectral peak position remained

unchanged, while the spectral width caused slight broadening.
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